Introduction
============

Macroautophagy is a cellular process characterized by the sequestration of cytoplasmic compartments through double-membrane vesicles, termed autophagosomes. Macroautophagy (therefore referred as autophagy) starts with the generation of double-membrane bound structures referred as isolation membranes or phagophores. The phagophore then retains intracellular components to form autophagosomes. Consequentially, autophagosomes fuse with lysosomes, in which the inside content is digested (Klionsky and Emr, [@B25]). Autophagosome biogenesis requires a group of evolutionarily conserved genes, referred to as autophagy-related genes (*atg*s; Longatti and Tooze, [@B32]). The initiation of the phagophore requires the class III phosphatidylinositol 3-kinase (PtdINs3K) complex, which further recruits two ubiquitin-like conjugation systems: The Atg12--Atg5 conjugation and LC3 processing (Ohsumi and Mizushima, [@B38]; He and Klionsky, [@B18]; Figure [1](#F1){ref-type="fig"}). Autophagy has been shown to be important for providing nutrients during starvation, clearing long-lived proteins as well as unwanted organelles, and fighting intracellular infections in multiple types of mammalian cells (Mortimore and Poso, [@B35]; Levine et al., [@B29]). The primary role of autophagy in certain cells depends on the cell type and environment. To study autophagy in primary T lymphocytes, several specific knockout or transgenic models have been developed during the past few years, and it has been revealed that autophagy plays an essential role in T cell homeostasis and function. The phenotypes of different *atg*-deficient T cells showed a great deal of similarity, with certain differences, which can be explained as a function of deletion timing or efficiency, accumulating effects, or the molecular functions outside of autophagy. Here we will review the current findings concerning how autophagy regulates T cell function, as well as compare different models in studying autophagy in T lymphocytes.

![**Autophagy in T lymphocytes**. Published results indicate that TCR engagement is a strong inducer of autophagy in primary T cells. Although autophagy is induced by the PtdIns3k complex in many types of cells, the role of this complex in autophagy induction in T lymphocytes may not be the same as in other cells. Vps34 is dispensable for autophagy induction in T cells while it promotes T cell survival by regulating IL-7Rα surface expression. The role of Beclin-1 in T cell autophagy induction remains to be further defined. However, the two autophagosome processing pathways: Atg5--Atg12 conjugation and LC3 processing are essential for autophagy induction as deleting Atg3, Atg5, and Atg7 all results in impaired autophagy in T cells. Furthermore, FADD, the death adaptor protein in the extrinsic death pathway, may play a key role in mediating a crosstalk between the apoptosis and autophagy pathways.](fimmu-03-00022-g001){#F1}

Autophagy Induction in T Lymphocytes
====================================

Although relatively low, autophagy can be detected in all subsets of thymocytes and freshly isolated naïve T lymphocytes (Li et al., [@B30]; Pua et al., [@B40]; Stephenson et al., [@B46]). These results were fairly surprising, since T cells contain limited cytoplasm. The existence of autophagy in T lymphocytes suggests a regulatory role of intracellular program. Aging T lymphocytes, on the other hand, showed an accumulation of autophagic vacuoles. In a study of long-term *in vitro* human lymphocyte culture, the percentage of cells with autophagosomes increased during culture, which was associated with the increase in lysosomal mass and accumulation of lipofusion events (Gerland et al., [@B16]).

The T cell receptor (TCR) mediates activation signal upon interaction with the antigenic peptide presented by the major histocompatibility complex (MHC) on antigen presenting cells. TCR activation is a strong trigger for autophagy in T lymphocytes (Pua et al., [@B40], [@B41]; Hubbard et al., [@B21]; Jia and He, [@B22]; Jia et al., [@B23]; Kovacs et al., [@B26]). CD4^+^ T cells upregulate Beclin-1 (Atg6) and LC3 (Atg8) upon TCR stimulation (Arsov et al., [@B2]). Ultrastructural studies revealed an increase in the number and a decrease in the size of autophagosomes after TCR stimulation. Interestingly, while mitochondria are frequently contained in the autophagosomes of resting T lymphocytes, the autophagic cargo switches to almost exclusively cytosolic material in activated T lymphocytes (Hubbard et al., [@B21]). Mitochondria undergo morphological changes during autophagy induction to escape autophagic degradation and maintain energy production in mouse embryonic fibroblasts (MEFs; Gomes et al., [@B17]). It is important to determine whether T lymphocytes apply similar strategies or utilize unique pathways to regulate the mitochondrial content.

T cell receptor-induced autophagy requires the key autophagy machinery, as deleting Atg5, Atg7, and Atg3 can abolish autophagosomal induction (Pua et al., [@B40], [@B41]; Hubbard et al., [@B21]; Jia and He, [@B22]). However, the class III PI3K, Vps34, seems to be dispensable for autophagy induction in mature T lymphocytes (McLeod et al., [@B34]). JNK1/JNK2 is required for TCR-induced autophagy in CD4^+^ T cells (Li et al., [@B30]). Beclin-1, a component of PtdINs3K complex, was shown to be crucial for autophagy initiation (Yue et al., [@B56]). The level of autophagy in Beclin-1 deficient primary T lymphocytes remains to be measured (Kovacs et al., [@B26]). Nevertheless, overexpression of Beclin-1 in T lymphocytes by a BAC transgene did not change the basal level of autophagy in multiple organs including thymus and spleen (Arsov et al., [@B2]), suggesting that additional autophagy initiators may be required in T lymphocytes for autophagy induction.

T cell receptor-induced autophagy is compromised in aged CD4^+^ T lymphocytes (Mattoo et al., [@B33]). The mechanism by which autophagy induction is defective during aging is unclear. Some evidence suggested that the Rel family member, p65, might be involved, as the nuclear translocation of p65 upon TCR signaling is impaired in aged CD4^+^ T cells (Mattoo et al., [@B33]), and p65 has been shown to be essential for autophagy induction by upregulating the transcription of Beclin-1 in multiple cell lines (Copetti et al., [@B7]). It is also unknown whether defective autophagy induction leads to other defects in aged T lymphocytes, such as increased mitochondrial damage, reduction in glycolysis, or enhanced apoptosis upon primary TCR stimulation. It would be appealing to investigate whether modulating autophagic levels can restore the function of aged T lymphocytes.

Autophagy in T Lymphocyte Homeostasis: Different Genetic Models, Similar Defects
================================================================================

Several tissue-specific knockout models have been developed during the past few years to study the role of autophagy in T lymphocytes. The deficiency in autophagy-related genes leads to a blockage in autophagic flux, as well as impaired T cell homeostasis. In Atg5^−/−^ fetal liver chimeric mice, the thymocytes undergo full maturation, but the thymic cellularity is reduced by half. The peripheral T lymphocyte number is dramatically decreased, which may be the result of both the loss of thymocytes and increased cell death rate (Pua et al., [@B40]). The Atg5^f/f^Lck-Cre^+^ mice generated later showed an almost identical phenotype to the Atg5^−/−^ chimera (Stephenson et al., [@B46]). The question was whether the loss of autophagy was the real reason for the enhanced cell death, since Atg5 interacts with Fas-associated death domain (FADD) protein and the anti-apoptotic protein Bcl-x~L~ (Pyo et al., [@B42]; Yousefi et al., [@B54]). Atg5 may regulate apoptosis through the extrinsic or intrinsic cell death pathways (Zhang et al., [@B58]).

To address whether Atg5 regulates T cell homeostasis through autophagy, several other tissue-specific knockout models have been analyzed since. Autophagosome formation requires two interrelated protein conjugation systems: LC3 processing and Atg5--Atg12 conjugation. During LC3 processing, Atg3, along with Atg7, catalyzes the cleavage and conjugation of LC3-I to generate the membrane bound LC3-phosphatidylethanolamine (LC3-II/LC3-PE; Levine et al., [@B29]). Tissue-specific knockout of Atg3 using an Lck-Cre system \[deletion occurs during double negative (DN) stage in thymus\] revealed an almost identical phenotype as the Atg5^−/−^ chimera, characterized by normal frequencies of DN, double positive (DP), and single positive (SP) thymocytes in the thymus, but a reduced cellularity in both the thymus and peripheral T cell pools (Jia and He, [@B22]). On the other hand, the thymocyte cellularity in Atg7^f/f^Lck-Cre^+^ mice was barely decreased (Stephenson et al., [@B46]), with only a minor reduction in SP cells. Despite the difference inside the thymus, T lymphocytes in all these models (Atg5^−/−^ chimera, Atg5^f/f^Lck-Cre^+^, Atg7^f/f^Lck-Cre^+^, Atg3^f/f^Lck-Cre^+^, and BECN^f/f^CD4-Cre^+^) showed decreased T cell numbers in the periphery and an enhanced apoptosis (Pua et al., [@B40], [@B41]; Stephenson et al., [@B46]; Jia and He, [@B22]; Kovacs et al., [@B26]).

Ortiz's group utilized a Rag-1^−/−^ (recombination activating gene-1 null) blastocyte complementation to study the role of Beclin-1 in hematopoietic cells. Beclin-1-deficient (BECN^−/−^) blastocytes were transferred to a Rag-1^−/−^ host. The data showed that Beclin-1 is required for the maintenance of early thymocyte progenitors. Controversially, survival and TCR-induced proliferation remained normal in BECN^−/−^ T lymphocytes developed in this system. Moreover, autophagy can be detected in those cells, though decreased compared to controls (Arsov et al., [@B1]). These results indicate that a Beclin-1 independent autophagy-inducing pathway may occur in T lymphocytes. The mechanism of autophagy induction in the absence of Beclin-1 needs to be determined.

Vps34, a key component in PtdINs3K complex, regulates the assembly of phagophore. Surprisingly, Vps34 deficient T cells showed no change in LC3 puncta formation after TCR stimulation or starvation. Moreover, autophagosomes could be detected in naïve Vps34^−/−^ T cells by transmission electronic microscopy (McLeod et al., [@B34]). These results suggest that Vps34 is not essential for autophagy induction in T lymphocytes. The differences in findings between Vps34 and Beclin-1 knockout T cells can be explained by the accessory molecules associated with the complex. Beclin-1 also has affinity for Bcl-2, and is an interaction partner with Bcl-2 during conditions of stress (Liang et al., [@B31]), inhibiting the ability of Bcl-2 to repress pro-apoptotic Bax/Bak (Wei et al., [@B52]). Additionally, other functions of Beclin-1 include recruitment of proteins that bend and flex membranes, including UVRAG and Bif1, to provide the physical machinery for autophagosomal elongation (Takahashi et al., [@B48], [@B49]). Finally, Vps34 can function as a scaffold for the autophagic process, but the lipid kinase function of this molecule can potentially be compensated for by phosphatidylinositol metabolism. This has been recently confirmed by data in MEFs showing that the class Ia PI3K, p110β, is a positive regulator of autophagy (Dou et al., [@B9]).

Autophagy in Thymocyte Selection
================================

Autophagy plays an important role in the generation and selection of thymocytes which have little autoreactivity. Interestingly, this autophagy occurs in thymic epithelial cells (TECs), which although are not hematopoietic in nature, are the major selecting cells in thymic education and tolerance induction. As thymocytes mature, they undergo a functional rearrangement of VDJ gene segments in various TCR loci (either αβ or γδ TCR subunits) to express a surface TCR receptor (Schatz and Ji, [@B43]). These maturing thymocytes depend on receiving TCR-mediated survival cues. During this process, DP thymocytes of the αβ lineage are selected by cortical thymic epithelial cells (cTECs) by a process termed "positive selection" (Takahama et al., [@B47]) and migrate inward to be selected by medullary TECs by "negative selection." Through this process, TCR clones are generated that have low affinities for self-peptides presented in the context of a MHC. One of the mechanisms that TECs use for this process is the expression of *autoimmune regulator* (AIRE), which regulates the expression of a host of tissue-specific proteins against which developing thymocytes can be selected (Heino et al., [@B19]). Another possibility is that thymocytes develop in the presence of antigens derived from peripheral cells that are transported back to the thymus by dendritic cells. However, from studies performed by Nedjic et al. ([@B36]), it is clear that autophagy is a major mechanism by which self-antigens are processed and presented for selection of developing thymocytes.

Thymic epithelial cells have extraordinarily high levels of constitutive autophagy (Nedjic et al., [@B36]). Using Atg5-deficient TECs engrafted into nude mice, Nedjic observed normal thymocyte numbers. However, these cells had undergone a disrupted process of positive and negative selection, despite the normal expression of AIRE, suggesting a role of macroautophagy in the selection. Moreover, when T cells selected by Atg5-deficient TECs were transferred, they recapitulated a wasting disease with colitis and lung infiltration highly reminiscent of typical autoimmune disorders (Nedjic et al., [@B36]). These results are consistent with that autophagy is essential for the expression of self peptide--MHC complexes on TECs to foster normal T cell development. When the abnormally low phagocytic activity of TECs is accounted for, the prominence of autophagy in generating peptides for MHC display is enhanced even further (Nedjic et al., [@B37]). It would be of great interest to investigate the opposite effect, namely would increasing autophagic activity in TECs promote T cell production?

Conversely, a study showed that autophagic activity in thymocytes (including TECs) was greatly reduced in aged mice, correlating with a reduced pool of mature T cell production in these mice (Uddin et al., [@B51]). It would be of great interest to determine whether increased levels of autophagy could be stimulated in TECs of aged mice to increase the pool of mature T lymphocytes and maintain clonal diversity into old age.

Autophagy in T Cell Function
============================

Autophagy and intracellular organelle homeostasis
-------------------------------------------------

Autophagy selectively degrading mitochondria, termed as mitophagy (Kraft et al., [@B27]), plays a role in controlling mitochondria content during T cell development (Pua et al., [@B41]; Stephenson et al., [@B46]). Transcriptional profiling of Atg5-deficient T lymphocytes revealed a remarkable enrichment in mitochondrion-associated genes (Stephenson et al., [@B46]). The mitochondrial contents in T lymphocytes are gradually decreased during the transition from thymocytes to peripheral T lymphocytes. The level of mitochondria was shown to be the highest in DP thymocytes, followed by SP thymocytes, and mature T lymphocytes contained the lowest volume (Pua et al., [@B41]). This contraction of mitochondria requires autophagy, as least partially, as mitochondrial content was higher in Atg5^−/−^, Atg7^−/−^, and Atg3^−/−^ than in wild-type T lymphocytes (Pua et al., [@B41]; Stephenson et al., [@B46]; Jia et al., [@B23]). On the other hand, it was reported that cells from BECN^f/f^ CD4-Cre^+^ mice showed no change in mitochondrial content (Kovacs et al., [@B26]). One possible explanation is that genomic deletion only starts in DP thymocytes in this model, and persistent level of Beclin-1 protein in cells is enough to manage the autophagic degradation of mitochondria. Still, one cannot rule out the possibility that mitochondrial content regulation and even autophagy are achieved independent of Beclin-1 in T lymphocytes. Current data indicates that autophagy protects T lymphocytes migrating to the periphery by eliminating excessive mitochondria. Mitochondria are assumed to be the major reservoir of toxic reactive oxygen species (ROS; Hildeman et al., [@B20]). The oxidative tension is much higher in the blood than the thymus (Braun et al., [@B4]; Sitkovsky and Lukashev, [@B44]). Therefore, maintaining the same level of mitochondria in peripheral T lymphocytes as in thymocytes may lead to intolerable levels of ROS for T lymphocytes.

Endoplasmic reticulum (ER) levels are as well regulated by autophagy. Selective autophagy toward ER is termed as reticulophagy (or ER-phagy; Kraft et al., [@B27]). Different from mitochondria, ER volume is downregulated in the transition of DN to DP thymocytes, and maintained to a similar level afterward. An increase in ER volume was observed in autophagy-deficient T lymphocytes (Jia et al., [@B23]). The accumulation of ER, as well as mitochondria, requires a long period of time to be established (up to 18 days *in vitro*) once autophagy is abolished by induced-deletion in mature T lymphocytes. Interestingly, lymphocytes did not show elevated cell death until 24 days after inducible deletion of Atg3. These data suggest that the elevated cell death in autophagy-deficient T lymphocytes is possibly the outcome of cellular organelles' abnormality.

Autophagy in T cell activation
------------------------------

Different groups have identified that autophagy-related genes are required for T cell proliferation upon TCR stimulation. T lymphocytes lacking Atg5, Atg7, Atg3, or Beclin-1 all showed impaired proliferation (Pua et al., [@B40], [@B41]; Stephenson et al., [@B46]; Hubbard et al., [@B21]; Jia et al., [@B23]; Kovacs et al., [@B26]). TCR stimulation induced cell death was also observed in Beclin-1-deficient lymphocytes (Kovacs et al., [@B26]). The survival defect may contribute to impaired proliferation in Beclin-1-deficient T lymphocytes. Atg7^−/−^ T cells displayed impaired calcium influx upon TCR stimulation, as well as increased calcium efflux from ER to cytosol. The excessive ER in Atg7-deficient T cells may lead to abnormal redistribution of calcium into the ER upon TCR stimulation (Jia et al., [@B23]). Interestingly, other TCR signaling components such as PLCγ-1(the upstream signal of calcium efflux), p38, ERK, and NF-κB activation all remain unchanged in Atg7-deficient T lymphocytes.

Autophagy is involved in the metabolism of activated T lymphocytes. Upon receipt of a TCR signal, T lymphocytes undergo a metabolic switch and produce more ATP to ensure sufficient energy for protein synthesis, cytokine secretion, and cellular division (Fox et al., [@B14]). Without autophagy, the ATP production in activated T lymphocytes is reduced to resting levels. The lack of ATP, at least partially, contributes to impaired transcription and production of IFN-γ and IL-2 in those cells, as methyl pyruvate, a cell-permeable intermediate of glucose, incompletely rescues both ATP generation and cytokine production (Hubbard et al., [@B21]). However, another study showed increased levels of IL-2 secretion in autophagy-deficient T lymphocytes after TCR activation (Jia et al., [@B23]). This controversy may be the consequence of the autocrine nature of IL-2: IL-2 is consistently produced and utilized by activated T lymphocytes (Cantrell et al., [@B5]). Therefore, the IL-2 detected in culture medium at a single time point may or may not reflect the capacity of IL-2 production. To settle the debate, careful study in the kinetics of the transcription and secretion of cytokines is needed.

Autophagy is differentially regulated in each T helper subset. T lymphocytes cultured in Th2 polarizing condition *in vitro* contain more autophagosomes than T lymphocytes induced by Th1 polarizing conditions (Li et al., [@B30]). Th17 cells are relatively more (Wu et al., [@B53]) resistant to cell death without Beclin-1, compared to Th0, Th1, and Th2 (Kovacs et al., [@B26]). Th17 cells, along with Th1 cells, mediate the pathogenesis of experimental autoimmune encephalomyelitis (EAE) (El-behi et al., [@B10]). Though Th17 cells manage to survive when autophagy is blocked, mice with Beclin-1-deficient T lymphocytes still showed resistance to EAE development. The number of MOG specific Th1 and Th17 cells were reduced in the periphery and were undetectable in the central nerve system (CNS) in Beclin-1 knockout mice (Kovacs et al., [@B26]). The protective role of Beclin-1-deficient T lymphocytes in EAE induction may be the result of defective antigen-induced proliferation.

Autophagy in HIV infection
--------------------------

Autophagy was reported to be involved in the progressive decline in the number of CD4^+^ T lymphocytes during HIV infection. HIV infection induces cell death in both infected and uninfected "bystander" CD4^+^ T cells (Laurent-Crawford et al., [@B28]). The repertoire of HIV-1 envelope glycoproteins (Env) is composed of gp41 and gp120 and expressed on infected human lymphocytes. Via CXCR4 and CCR5, Env triggers autophagy in uninfected "bystander" CD4^+^ T cells, which eventually leads to apoptosis (Espert et al., [@B11], [@B12]). The gp41 fusion to target membranes is required for Env-mediated autophagy (Denizot et al., [@B8]). Interestingly, autophagy is repressed in HIV-infected CD4^+^ T cells (Zhou and Spector, [@B59]). The effect of killing "bystander" T cells through surface protein Env seems to be T cell specific, as Env expressed on macrophages with CXCR4 and CCR5 fails to induce autophagy in uninfected CD4^+^ T cells in a coculture experiment (Espert et al., [@B12]). From the perspective of virus, down-regulation of autophagy in host cells may be beneficial as autophagy attacks virus through xenophagic degradation and facilitates antigen presentation (Kim et al., [@B24]). At the same time, provoking excessive autophagy in uninfected surrounding lymphocytes mediates cell death, further weakening the host defense by reducing potential adaptive immunity against the virus.

Autophagy in T cell death
-------------------------

As mentioned above, the loss of autophagy-related genes generally leads to increased cell death (Pua et al., [@B40], [@B41]; Stephenson et al., [@B46]; Jia et al., [@B23]). The crosstalk between autophagy and apoptosis has been observed in various eukaryotic cells (Thorburn, [@B50]), but how autophagy regulates apoptosis in T lymphocytes remains unclear. Atg7^−/−^ T lymphocytes upregulate the expression of Bcl-2 (Pua et al., [@B41]). Beclin-1-deficient T lymphocytes demonstrate highly increased protein levels, but not mRNA levels of pro-apoptotic pro-caspase-8, pro-caspase-3, and Bim as well as a moderate increase in Bcl-2. Interestingly, Caspase-8 is detected in p62/ubiquitin-containing aggregates in Beclin-1^−/−^ T cells (Kovacs et al., [@B26]). Although p62 may target caspase-8 for autophagic degradation, pro-caspase-8 level is comparable between wild-type and p62-deficient T cells. Further studies are required to identify whether Beclin-1 controls pro-apoptotic protein levels through Bcl-2 binding, autophagy induction, or other pathways.

Although it is clearly established that autophagy is required for T cell survival, excessive autophagy seems to be destructive for T lymphocytes. Autophagy promotes, rather than protects, growth factor withdrawal-induced cell death in a Th2 cell line (Li et al., [@B30]). In long-term human CD8^+^ T cell cultures, cells with higher numbers of autophagosomes died out first. These results might imply that autophagy renders lymphocytes more vulnerable to apoptosis under certain conditions (Gerland et al., [@B16]). However, it is still unclear whether the high number of autophagosomes reflects an increase in flux or a blockage of autophagosome--lysosome fusion. Whether those cells undergo enhanced autophagy remains to be verified. Other data supporting the pro-death role of autophagy involves Irgm 1 (Interferon-γ inducible, immunity-related GTPase^−/−^). When exposed to IFN-γ, Irgm 1^−/−^ T cells showed greatly enhanced death in an autophagy-dependent manner (Feng et al., [@B13]). Consistent with this, Ginsenoside Re suppresses autophagy by inhibiting Irgm 1 and IFN-γ production in human T lymphocytes, which leads to enhanced proliferation and reduced cell death (Son et al., [@B45]).

Blocking caspase-8 activity was shown to induce autophagy and non-apoptotic death (Yu et al., [@B55]; Li et al., [@B30]; Wu et al., [@B53]). In T lymphocytes, loss of capase-8 activity may lead to necroptosis upon TCR stimulation. Necroptosis is a programmed necrotic cell death, regulated by Rip-1/Rip-3 kinases and independent of the apoptotic pathway (Galluzzi and Kroemer, [@B15]). It is still controversial whether autophagy is involved in TCR-induced necroptosis in T lymphocytes. Caspase-8 activation requires the adaptor protein FADD (Zhang et al., [@B57]). FADD*dd* (dominant negative) T lymphocytes showed hyperactive autophagy and RIP-1-dependent cell death (Figure [1](#F1){ref-type="fig"}). Inhibiting autophagy by either 3-MA administration or silencing of Atg7, rescued those cells from cell death (Bell et al., [@B3]). However, studies in FADD^−/−^ and caspase-8^−/−^ T cells suggested that enhanced cell death cannot be rescued by 3-MA treatment or deletion of Atg7 (Osborn et al., [@B39]; Ch'en et al., [@B6]). It is imprudent to draw any conclusions from the current results, as thoroughly abolishing autophagy may create additional stress, thus killing instead of protecting T lymphocytes. Careful analyses of cell death pathways in caspase-8-deficient T cells, especially with modest inhibition of autophagy, will provide us valuable information to understand the relationship between autophagy, apoptosis, and necroptosis.

Conclusion
==========

Autophagy, a fundamental cellular process, is required for the homeostasis and function of T lymphocytes. Deletion of different autophagy-related genes results in similar phenotypes in T lymphocytes, indicating that the defects are caused by a loss of autophagy instead of other functions of those proteins. T lymphocytes utilize autophagy to maintain intracellular organelle homeostasis, intact TCR signaling, and metabolic switch upon TCR activation. It is worthy to notice that autophagy plays a dual role in T lymphocytes: autophagy induction is critical for cell survival and T cell response, while too many autophagic vesicles can create intolerable stress. Future studies can focus on how to modulate the levels of autophagy to promote/inhibit T cell responses in various disease models.
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